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INTEODUCTION
Many studies have been performed in which
the rate of diffusion of water through human
skin has been determined in vitro. In these
studies, various adaptations of two basic meth-
ods were utilized. The first of these involved
the use of weighing cups partially or com-
pletely filled with fluid and sealed by the
specimen of skin to be studied (1—6) water
diffusion rates were then calculated according
to the change in weight of the entire system.
In the other method, diffusion chambers in
which fluid was placed on one side of the skin
were used. The water vapor appearing on the
opposite side was either detected by an dee-
trohygrometrie device (7) or collected by such
means as absorption onto a water absorptive
material (5) or by passage through cooled
coils in which the water was frozen and trapped
(9, 10). The amount of water which had passed
through the skin was then calculated from the
change in weight of the collecting device.
There are several disadvantages associated
with such systems. As pointed out by Isher-
wood (3) in 1963, adequate sealing of the
apparatus is essential to assure that changes
in weight reflect only changes due to the pas-
sage of water through the skin. Onken and
Moyer (5), for example, had to correct for a
leakage of 3 to 15 mg/hr of water vapor into
their apparatus.
A second disadvantage is the time factor
involved. Onken and Moyer utilized a closed
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system in which dry air was passed over the
skin specimens and then into an absorption
bulb containing anhydrous calcium sulfate.
With this system, they subjected their spec-
imens to the stream of dry air for at least iS
hours before measurements of the rate of
water loss were started. Bureh and Winsor
(1) described a waiting period of 2 to 3 hours
before beginning their measurements. Isher-
wood (3) sought to overcome the problems of
a prolonged equilibration time and inadequate
sealing of the cells. He used small diffusion cells
weighing less than 120 grams, each with its own
desiccator, and an improved method of sealing
the skin specimens to the cells. Although he
stated that shorter times could be used, if neces-
sary, his experiments were performed over a
period of days, with weight measurements be-
ing made at 24-hour periods. Moreover, he found
that the values obtained for the first day were
frequently higher than those obtained on other
days.
With any method in which the calculation
of water diffusion rates is based upon weight
changes, accurate weighing procedures are
essential in view of the small amounts of
water which pass through the skin. A more
sensitive method of measuring water diffusion
is available in the use of chambers in which
the flux of tritium labeled water through the
skin is determined. Since the tritium which
has passed through the skin can be easily
assayed in small amounts, accurate deter-
minations of water diffusion rates can be ob-
tained in a short period of time. Moreover,
since the amount of tritium which diffuses
through the skin from the labeled to the un-
labeled side is extremely small, the total
amount of back diffusion of tritium is neg-
ligible. Thus the measurement of the tritium
flux under these conditions is a measure of
diffusion of water through the skin. Tritiated
water has often been used to measure water
fluxes across biological membranes as re-
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viewed by Pinson (11) but the technic has
not been applied extensively to studies of
diffusion of water through mammalian skin
in vitro. We have performed several meas-
urements of the diffusion of tritiated water
through human abdominal autopsy skin in
vitro. However, hairless mouse skin was chosen
for most of our studies since it was felt that
the absence of eecrine sweat glands and the
small size of the hair follicles would minimize
these routes as significant pathways of pene-
tration. Moreover, the skin of this species
was always used immediately after the ani-
mals were sacrificed in order to use specimens
as close to their in vivo condition as possible.
MATERIALs AND METHOn5
Hairless mice, strain HRS/J, between S and 16
weeks of age, were abtained from Jackson Labo-
ratories, Bar Harbor, Maine. Skin from these
animals was placed in the diffusion chambers for
study immediately after dissection. A specimen
of full thickness human abdominal autopsy skin
was obtained at 4½ hours postmortem. Prior to
the use of this specimen, the subcutaneous fat
was removed by dissection. Tritiated water with
a specific activity of 450 tcc/ml was obtained from
New England Nuclear Corp., Boston, Massachu-
setts.
Diffusion chambers modeled after the one
described by Ussing and Zernhn (12) were used.
Each specimen to be studied was placed between
two glass cells with fiat, opposing surfaces. The
cells, held together by a spring clamp, each had
three outlets. One outlet served for drainage
while the other two were attached to a reservoir
and air-lilt device (Fig. 1). A set of six chambers
was used so that six pieces of skin could be studied
simultaneously. An area of 0.71 cm2 of skin was
exposed in each apparatus. In some experiments,
instead of the glass cells shown in Fig. 1, another
series of six lucite cells, with 0.95 cm2 of skin
surface exposed, was used.
After the specimen of skin to be studied had
Fic. 1. Diffusion apparatus consisting of glass cells (G) and reservoirs (R). Each glass
cell is connected to a reservoir by Teflon tubing. Air, for fluid circulation, enters the system
at the inlet indicated at I.
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been placed in the diffusion chamber, 5 ml of
isotonic saline was added to each side of the
apparatus. Then 0.05 or 0.1 ml of tritiated water
was added to one side, and 0.5 ml samples were
taken from tbe opposite side at varying time
intervals. Each sample was replaced by 0.5 ml
of saline to keep the volume constant, and ap-
propriate corrections were made in calculating
the results.
Eadioactivity of samples was determined in
an automatic Nuclear-Chicago liquid scintillation
counter, model #701. The solution of scintillator
consisted of 4 Gm. of 2,5-diphenyloxazole, 25 mg.
of 1,4-his [2-(5-pbenyloxazolyl)]-benzene and 50
Gm. of naphtbalene dissolved in dioxane to a
total volume of one litre. Each 0.5 ml sample
was mixed with 12.5 ml of the scintillation solution
and was allowed to stand until tbe NaC1 had
precipitated, leaving a clear supernatant. Appro-
priate standard and background samples were
prepared and assayed with each set of unknowns.
Under these conditions of radioassay, the counting
efficiency was 13%, and the background rate was
50 cpm. At least 4000 counts were recorded for
each sample. To rule out the possibility of quench-
ing as a result of prolonged contact of the sampled
solutions with the skin, a known amount of
tritiated water was added to a series of pre-
viously assayed samples containing saline which
had been in contact with the skin for up to 4
hours. The increase in counting rate was the
same, within experimental error, for all the
samples, showing that there was no quenching
by substances extracted from the skin. When the
samples had been assayed for tritium, the rate
of diffusion of water was calculated in mg/cm2/br
as follows:
CRate of Diffusion = AXB
where "A" is the area of skin in contact with the
solution, "B" is the specific activity (counts/mini
mg) of the water circulating on the initially
labeled side, and "C" is the total amount of
radioactivity (counts/mm) which has accumulated
on the sampled side during a one hour period.
In one set of experiments, after the saline
had been introduced into the chambers, tritiated
water was added immediately to the saline which
was in contact with either the epidermal or the
dermal side of the skin. Thus, the labeled water
was introduced into the diffusion chambers with-
out prebydration of the skin. In other studies,
the skin was prehydrated by allowing the saline
to circulate for 80 minutes prior to the addition
of the tritiated water.
Repeat measurements of the rate of diffusion
of water through individual pieces of skin were
obtained as follows: When sampling had been
completed for the determination of an initial
rate, the apparatus was drained and rinsed by
allowing several changes of saline to circulate
through both sides of the chamber for 30 minutes.
After the apparatus had been again drained, a
repeat determination of the diffusion rate was
obtained in the same manner as the initial one.
RESULTS
1) Diffusion of labeled water through
excised hairless mouse skin
Results obtained with Six pieces of non-
prehydrated skin from the same animal are
shown in Fig. 2. It can be seen that, with
each specimen, there was a constant rate of
diffusion of tritium from 20 minutes to 4
hours after the addition of the tritiated water
to either the epidermal or the dermal side of
the skin. Additional samples were also taken
22 hours after the labeled water had been
added. In each case, the diffusion rate of tnt-
ium during the period 4 to 22 hours was
within 5 percent of the rate during the pe-
riod 1 to 4 hours. Thus, it was apparent that,
during the first day after the mice were sacri-
ficed, the rate of diffusion through each piece
of skin was substantially constant. However,
the results shown in Fig. 2 reveal a con-
siderable variability in the diffusion rates
through different pieces of skin. This varia-
bility was evident whether the tritiated water
was added to the epidercnal or to the dermal
side of the skin.
In a subsequent series of studies, the rate of
diffusion of water from the epidermal to the
dermal side of 80 different pieces of skin was
determined. As shown in Fig. 3, the diffusion
rates through these 80 specimens also showed
a marked variation, ranging from 0.18 to 1.08
mg/cm'/br with a mean of 0.49 0.23.
The results obtained with specimens of
skin which had been prehydrated are shown
in Fig. 4. Saline was allowed to circulate for
80 minutes prior to the addition of tritiated
water to either the epidermal or the dermal
side of five pieces of skin from one animal.
Sampling was started one hour after the
labeled water was added, and the results show
that diffusion rates were constant from 1 to 4
hours. Tbe straight lines in Fig. 4, however, could
all be extrapolated back to about 20 minutes on
the abscissa, indicating that a slightly longer
time was required for a constant rate of diffu-
sion of tnitium to be established when the skin
was prehydrated. These results also show the
same variability in diffusion rates through dif-
FJG. 3. The distribution of water diffusion rates obtained through 80 different specimens
of hairless mouse skin.
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FIG. 2. Rate of diffusion of tritiated water through six different pieces of non-prehy-
drated skin from one hairless mouse. Solid lines represent epidermal to dermal diffusion;
broken lines represent dermal to epidermal diffusion.
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FIG. 4. The rate of diffusion of tritiated water through five different specimens of pre-
hydrated skin from the same hairless mouse. Solid lines represent epiclermal to dermal
diffusion; broken lines represent dermal to epidermal diffusion.
TABLE 1
Initial and repeat measurements of waler
diffusion rates through excised
hairless mouse skin
Specimen number
Rate of diffusion
of water
(mg/cm2/hr) Ratio Repeat rate!Initial rate
Initial Repeat
1 0.41 0.42 1.02
2 0.37 0.37 1.00
3 0.40 0.39 1.03
4 0.39 0.35 0.89
5 0.42 0.43 1.02
6 0.24 0.26 1.08
ferent pieces of skin as was found with nonpre-
hydrated skin.
The reproducibility of the measurement of
the rate of diffusion of water through indi-
vidual pieces of skin is shown in Table 1. In
these studies, the skin was non-prehydrated
at the time of the initial determination, but
was prehydrated at the time of the repeat
measurement. Sampling was performed during
the 1 to 2 hour period after the addition of
the labeled water. Initial and repeat diffusion
rate values are listed. Also shown is the ratio
obtained by dividing the repeat measurement
by the initial one. A ratio of one would
indicate exact reproducibility. For these 8
pieces of skin, the ratio of the repeat to the
initial rate ranged between 0.89 to 1.08 with
a mean of 1.01 0.06.
2) Diffusion of labeled water through
excised human skin
The rate of diffusion of water through hu-
man abdominal autopsy skin specimens are
shown in Table 2. Five adjacent pieces of
skin were used. The skin was not prehydrated
and sampling was performed between 1 and 2
TABLE 2
Rate of diffusion of waler through human
abdominal aulopsy skin
Specimen number Water diffusion rate(mg/cm2/hr)
1
2
3
4
5
0.53
1.27
0.30
1.75
0.39
4
2
TIME AFTER ADDITION 0F3H20 (HR)
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hours after the addition of labeled water to the
saline in contact with the epidermal side of the
skin. A variation similar to that found with
hairless mouse skin is evident.
DI5U55ION
The method described in these studies al-
lows an accurate in vitro determination of
the rate of diffusion of water through the skin
to be obtained in 2 hours. Moreover, the re-
sults obtained indicate that such a method is
reproducible, and that initial and repeat meas-
urements can be performed in as short a time
as 5 hours. In studying the reproducibility of
these measurements, the skin was not pre-
hydrated when the initial diffusion rate was
determined. However, when the repeat deter-
mination was begun, the skin was already in a
hydrated state. For this reason, the effect of
prehydration was studied to determine the
earliest time after the addition of labeled
water that sampling could be started. When
the skin was prehydrated, there was a small
initial lag before tritium began to pene-
trate the skin at a constant rate. However,
under either condition of hydration, a steady
rate of diffusion had always been reached
by one hour after the labeled water had been
added. On the basis of these results, it was
concluded that accurate measurements could
be obtained by sampling between 1 and 2
hours after the labeled water had been added,
whether the skin was prehydrated or not.
An insufficient number of measurements
were made to accurately compare diffusion
rates from the dermal side with those from
the epidermal side of the skin. However, the
results suggest that diffusion in either direc-
tion is approximately in the same range.
The reproducibility of the measurement of
the rate of diffusion of water through the
same piece of skin over longer periods of time
has been previously studied by several in-
vestigators. Burch and Winsor (1) studied one
piece of human skin for 61 days and found
little change for the first two weeks. Mali
(6) performed 30 measurements on a single
human skin specimen. Although he did not
state over what time period these measurements
were made, he stated that under constant
conditions permeability remained constant dur-
ing weeks or months.
Our results indicate that there is a marked
variability in the rate of diffusion of water
through the skin of the hairless mouse in
vitro. Through individual pieces of skin, how-
ever, the rates obtained were accurately repro-
ducible. This variability existed not only among
specimens of skin from different animals, but
also among specimens of skin from different
body regions of the same animal. Moreover, no
consistent pattern of regional variation could
be demonstrated. The differences observed were
greater than could be explained by minor varia-
tions which may have occurred in the area of
skin exposed in the chambers.
Our experiments with human skin revealed
a similar variability even though the speci-
mens studied were all from adjacent areas of
the same abdomen. That a variation in water
diffusion through different pieces of human
skin exists in vitro was noted by Blank (5)
in 1952. Mali's (6) observations on 16 pieces
of skin from the dorsum of one corpse also
revealed a large variation among different
specimens.
However, for the most part, this variability
has not been considered seriously enough in
studies designed to investigate chemical fac-
tors which affect the diffusion of water through
the skin. Such studies should relate changes
in water diffusion rates to an intial rate for
each specimen to be studied. Bettley and
Donaghue (4) studied the effect of soap solu-
tions in this manner. However, their experi-
ments were carried out for many days, and
small daily variations were noted. Moreover,
they found that the water loss from their dif-
fusion cells was greater in the first one or two
days of the experiment. In view of this, they
observed their specimens of epidermis for 5
days with plain water in the diffusion cell to
be sure that the epidermis was normal prior
to studying the effect of the soap solution.
Bcrenson ond Burch (2) and Onkcn and
Moyer (8), in studying the effects of various
chemical agents upon water loss through the
skin, compared values obtained after treat-
ment to averoge normal diffusion rates for
different pieces of skin. By such comparisons,
small changes produced in the rate of dif-
fusion of water cannot be accurately detected.
A method such as the one described here offers
an accurate means of investigating such effects.
236 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Since accurate and reproducible measurements
of the rate of diffusion of water can be ob-
tained in a short period of time, tbis metbod
would allow the determination of an initial
rate prior to any experimental treatment of
the skin and tbe determination of a final
rate following treatment. In this way, each
specimen of skin to be studied would serve
as its own control, thus eliminating the ne-
cessity of referring to an average rate of dif-
fusion of water.
SIJMMAaY
The rate of diffusion of water through hu-
man autopsy skin and through excised hair-
less mouse skin was studied by the use of
tritiated water in diffusion chambers. The
results showed that the rate of diffusion of
tritiated water through individual pieces of
hairless mouse skin was constant up to 22
hours after the animals were sacrificed. How-
ever, there was a marked variation in the
rate of diffusion through different pieces of
skin taken either from different animals or
from different body regions of the same ani-
mal. A similar variation was found in human
skin specimens. By the method used in this
study, accurate measurements of the rate of
diffusion of water through excised skin can
be made within a period of two hours. More-
over, the data obtained are highly reproduci-
ble.
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